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Synthesis of crystallographically well-defined thin films of topological materials is 
important for unraveling their mesoscale quantum properties and for device applications. 
Mn3Ge, an antiferromagnetic Weyl semimetal with a chiral magnetic structure on a Kagome 
lattice, is expected to have enhanced Berry curvature around Weyl nodes near the Fermi 
energy, leading to large anomalous Hall / Nernst effects and a large spin-Hall effect. Using 
magnetron sputtering, we have grown epitaxial thin films of hexagonal D019 Mn3Ge that are 
flat and continuous. Large anomalous Nernst and inverse spin-Hall effects are observed in 
thermoelectric and spin-pumping devices. The anomalous Nernst signal in our Mn3Ge films is 
estimated to be 0.1 μV / K, and is comparable to that in ferromagnetic Fe, despite Mn3Ge 
having a weak magnetization of ~ 3.5 mμB / Mn at room temperature. The spin mixing 
conductance is 90.5 nm-2 at the Py / Mn3Ge interface, and the spin-Hall angle in Mn3Ge is 
estimated to be about 8 times of that in Pt.  
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I. INTRODUCTION 
Recent discoveries of topological properties in layered Kagome semimetals such as 
Mn3X (X = Sn [1-5], Ge [4 - 6]), Fe3Sn2 [7 - 9] and Co3Sn2S2 [10, 11] have attracted broad 
interest in these materials due to their rich physics and potential for applications. For example, 
as a non-collinear antiferromagnetic material, Mn3Sn has a glide mirror plane where the two 
Kagome layers in each unit cell can be transformed into one another by an extra c/2 translation. 
Weyl nodes of opposite chirality are protected by this symmetry and can further give rise to a 
non-zero Berry flux; the effects are similar to applying a fictitious field of ~ 100 T [2, 4, 12]. 
With the external magnetic field applied perpendicularly to the glide mirror plane, giant 
anomalies in the Hall resistance and the Nernst signal which are comparable to those of 
ferromagnetic materials have been reported [1, 3]. Theoretical calculations also indicate large 
spin-Hall angles in these materials [13], which are promising for antiferromagnetic spintronics 
applications. Recently, an magnetic inverse spin-Hall effect (ISHE) [14] as well as a large 
magneto-optical Kerr effect [15] have been observed in Mn3Sn single crystals. 
Compared with Mn3Sn, the hexagonal D019 phase of Mn3Ge has a layered Kagome 
structure and is antiferromagnetically ordered with a 120° triangular magnetic structure all the 
way to low temperatures. According to calculations, there are 50 Weyl points in Mn3Ge near 
the Fermi surface and this number is larger than that in Mn3Sn, presumably due to the lower 
spin-orbit coupling [4]. Mn3Ge is predicted to have a larger anomalous Hall conductivity than 
Mn3Sn [13], and its topological properties can persist down to low temperatures while Mn3Sn 
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becomes a spin glass below 50 K [1]. The topological properties of Mn3Ge have been 
investigated via transport measurements on bulk single-crystal samples [6, 16]. On the other 
hand, thin films offer the possibility of tuning topological phases with strain, proximity effects 
and gating, and are well suited for exploration of fundamental mesoscopic transport properties 
and device applications. Therefore, synthesis of crystallographically well-defined Mn3Ge thin 
film is of great interest.  
Until now, the only D019 Mn3Ge thin films that have been synthesized are 
polycrystalline, and it is not known whether they exhibit topological properties [17]. In this 
work, we grow Mn3Ge thin films epitaxially on Ru-buffered single-crystal sapphire by 
magnetron sputtering. Microstructural analyses indicate the formation of hexagonal D019 
Mn3Ge with the c-axis oriented out-of-plane. The Mn3Ge films have a weak ferromagnetic 
magnetization of ~ 3.5 mμB / Mn at room temperature. A large anomalous Nernst effect (ANE) 
of 0.1 μV / K is measured, and the high magnetic field (~ 2 T) needed to reverse its sign suggests 
pinning of antiferromagnetic domains by defects and grain boundaries. The Mn3Ge thin films 
exhibit high spin-charge conversion efficiency. The measured spin Hall angle is about 8 times 
of that of the archetypal spin Hall material Pt. The large ANE and spin Hall angle highlight the 
significance of band topology-induced Berry curvature in Mn3Ge. 
 
II. EXPERIMENTAL DETAILS 
Previous growth of epitaxial Mn3Sn films [18] suggests this high surface energy 
material tends to have wetting issues and is discontinuous after growth. Here, we find that 
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continuous epitaxial Mn3Ge films can be successfully grown by magnetron sputtering onto Ru-
buffered sapphire (0001) substrate at a high growth rate and a lower temperature. Mn and Ge 
were co-sputtered from elemental sources. Their atomic fluxes were measured in situ using a 
quartz crystal microbalance which had been calibrated using X-ray reflectivity (XRR). To 
determine the optimal growth conditions, we varied the Mn-to-Ge flux ratio and analyzed the 
composition of the resulting films using Rutherford backscattering spectrometry (RBS). 
Remarkably, the formation of (0001)-oriented single-phase D019 Mn3Ge occurred only when 
the flux ratio was maintained at ~ 5.07, indicating the sticking coefficient of Mn is about 3/5 
of the Ge one. The details of the growth are as follows: A 10-nm-thick Ru buffer layer was 
deposited at 3.6 nm / min at 350°C, and then annealed at 700°C for 15 minutes. This procedure 
produced a Ru layer which is c-axis oriented, and whose surface flatness is evidenced by the 
presence of sharp streaks in reflection high energy electron diffraction patterns and satellite 
peaks in high-angle X-ray diffraction (XRD) spectra. The Mn3Ge layer was subsequently 
deposited onto the Ru template at 400°C and at an Ar pressure of 2.5 mTorr. The effective total 
deposition rate of the Mn3Ge layer was approximately 10 nm / min. The films were post-
annealed in vacuum at 500°C for up to 2 hours to improve crystallinity and chemical order. The 
heating and cooling rates during all stages of growth were 50°C / min and 20°C / min, 
respectively. The composition of the final films, determined using RBS, was Mn3.230.05Ge, and 
is very similar to that of bulk single crystals (Mn3.22Ge) where extra Mn is needed to stabilize 
the D019 structure [16]. For exchange bias and spin Hall measurements, Mn3Ge/permalloy (Py) 
bilayer structures were also fabricated, with the Py layer sputter-deposited at 6 nm / min after 
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the Mn3Ge layer had cooled to ambient temperature. All films were not capped before being 
taken out of high vacuum. 
XRD and XRR measurements were performed on a Philips X’PERT-PRO MRD 
system with a Cu source ( = 1.5406 Å). The measured reflectivity data were modelled using 
the GenX software [19]. Atomic force microscopy (AFM) was performed on a Bruker 
Dimension Icon in soft tapping mode with a standard tip (radius < 10 nm). Micrographs with 
a 5×5 m2 scan area were acquired at several locations on each film, which is 1010 mm2 in 
size. High resolution transmission electron microscopy (HRTEM) images were taken on a FEI 
Tecnai F20ST(S)TEM under 200 keV of beam energy. The HRTEM samples were prepared 
via focused ion beam milling, and further thinned on a low-energy (500 V) Ar ion mill. The 
magnetic properties of both Mn3Ge and Mn3Ge/Py samples were measured in a Quantum 
Design MPMS SQUID magnetometer at various temperatures with the magnetic field parallel 
to the film surface. For exchange bias measurements, the Mn3Ge/Py samples were always 
cooled from room temperature in a 1-T in-plane magnetic field. 
 Thermoelectric and spin-pumping devices were fabricated using optical lithography 
and Ar ion milling. For each thermoelectric device (shown schematically in Fig. 4(a)), a 20×800 
m2 stripe was first patterned from the sputtered Ru/Mn3Ge film. It was then covered with a 
100 nm-thick SiN layer grown via chemical vapor deposition for electrical isolation, and 
followed by a sputtered 50 nm Au layer that would function as the on-chip heater. A reference 
device, where the Ru/Mn3Ge film was replaced with a 60-nm layer of Fe, was also identically 
microfabricated. The Nernst effect in the devices was measured at room temperature using the 
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lock-in technique on a Quantum Design Physical Property Measurement System. A sinusoidal 
current (f = 3 Hz, Ipp = 3 mA) applied to the Au heater created an out-of-plane temperature 
gradient. With an in-plane magnetic field applied perpendicular to the length of the stripe, the 
Nernst signal was detected along the length of the device at the second harmonic (2f).  
For the spin-pumping device (shown in Fig. 5(a)), a 1000×200 m2 bar was patterned 
from the Ru/Mn3Ge/Py film stack. Two large Au contact pads were deposited onto the bar. 
Between the contact pads, an electrically isolated (using SiN) coplanar waveguide (CPW) was 
fabricated on the bar, along the Mn3Ge [11̅00] direction, and was terminated with a 50 Ω 
resistive load. At room temperature, microwave excitations with varying frequencies (7 - 18 
GHz) and power (12 - 18 dBm) were applied to the CPW to drive magnetization precession in 
the Py layer. An external magnetic field was applied parallel to the CPW axis and was swept 
through ferromagnetic resonance. The ISHE signal was extracted from the voltage measured 
across the contact pads. For comparison, reference devices where the Ru/Mn3Ge/Py stack was 
replaced with a Pt(10nm)/Py(10nm) bilayer or with a Py(10nm) single layer have also been 
identically microfabricated and measured.  
 
III. RESULTS AND DISCUSSION 
1. Structural properties 
Fig. 1(a) shows a representative XRD 2- scan from a sapphire / Ru (10nm) / Mn3Ge 
(100nm) sample. We intentionally offset  by 0.2° from the sapphire (0006) reflection to avoid 
the strong substrate contribution. Only the Mn3Ge (0002) and (0004) peaks and the Ru (0002) 
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and its satellite peaks can be seen in the entire scan range. The position of the Mn3Ge (0002) 
peak (2θ = 41.910°) gives c = 4.308Å, which is very close to the bulk value of 4.312Å. 
Furthermore, using the bulk in-plane lattice constant a = 5.352Å, we were able to locate the 
Bragg peaks of the Mn3Ge {101̅1} and {112̅2} planes at their respective calculated 2 and  
positions in the azimuthal XRD -scans, which are shown in Fig. 1(c). We therefore conclude 
that the sputtered Mn3Ge films are fully relaxed. The full width at half maximum (FWHM) 
values of the Mn3Ge (0002) and Mn3Ge (0004) peaks are 0.252° and 0.360°, respectively. 
Using the Scherrer equation, we estimate that the out-of-plane coherence length of the Mn3Ge 
crystallites is about 32 nm, which is less than the Mn3Ge layer thickness. If the Mn3Ge layer 
were fully coherent, the FWHM values would be 0.081° and 0.115° for the Mn3Ge (0002) and 
Mn3Ge (0004) peaks, respectively. The inset of Fig. 1(a) shows the rocking curve of the Mn3Ge 
(0002) reflection measured at 2θ= 41.9100°. The sharp central peak is the contribution from 
the sapphire substrate, whereas the contribution from the Mn3Ge layer has a FWHM of 
0.5918° 0.0012°. There is a finite constant background to the rocking curve, indicating that 
although good crystalline alignment is achieved between the Mn3Ge c-axis and the growth 
direction, crystallites with random misorientations may be present (See Supplemental Material 
[20] for details). 
The XRR curve of the same sample is displayed in Fig. 1(b), which shows intensity 
modulations arising from interference as the x-ray beam reflects from the various interfaces in 
the sample. The blue curve is a simulation using a model that describes the sample stack. A 
Mn3Ge-oxide (Mn3GeOx) layer was needed as the topmost layer in the model to achieve a 
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reasonably good match with the measured data. In the simulation, thicknesses values of 9.5 
nm, 98.3 nm, and 8.2nm were used for Ru, Mn3Ge and Mn3GeOx, respectively. The roughness 
values of the sapphire/Ru, Ru/Mn3Ge, Mn3Ge/Mn3GeOx and Mn3GeOx/air interfaces are 0.2 
nm, 0.6 nm, 1.6 nm and 4.5 nm, respectively. The scattering length density (SLD) for sapphire, 
Ru and Mn3Ge are fixed at their bulk values, while a value of 6.8 g/cm
3 is used for Mn3GeOx. 
To determine the in-plane orientation of the Mn3Ge films and the epitaxial relationship, 
azimuthal XRD -scans were performed for the Bragg peaks of the Mn3Ge and Ru layers and 
the sapphire substrate. Considering the lattice constant a of Mn3Ge is nearly double that of Ru, 
while the lattice constant c of sapphire is nearly triple those of Mn3Ge and Ru, care was taken 
to select Bragg peaks that have no other peaks nearby. Shown in Fig. 1(b) are the -scans of 
Mn3Ge {101̅1}  and {112̅2} , Ru {101̅1} , and sapphire {101̅4}  planes. The sapphire {101̅4} 
planes have a three-fold symmetry, while the Ru basal hexagon is rotated by 30° away from 
that of sapphire. This demonstrates the well-known rotational honeycomb epitaxy between Ru 
and sapphire [21]. The two -scans of Mn3Ge show that its basal hexagon is exactly aligned 
with that of the Ru buffer. However, the peaks in the Mn3Ge {112̅2} -scan have broader bases, 
indicating that the mosaicity is larger in those directions. It is worth noting that the intensity 
ratio of the Mn3Ge {101̅1} and {112̅2} peaks is close to the calculated value based on the 
structure factor [22]. Since atomic disorders in the unit cell lead to deviations from the ideal 
structure factor, the agreement between the intensity ratios suggest that there is good atomic 
ordering in the Mn3Ge films. In Fig. 1(d) we illustrate the stacking arrangement of the sapphire 
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substrate, the Ru and Mn3Ge layers. The epitaxial relationship among them is: sapphire 
(0001)[101̅0]|| Ru (0001)[112̅0]||Mn3Ge (0001)[112̅0]. 
Shown in Fig. 2a is the typical AFM image of a 100nm Mn3Ge film. The root mean 
square roughness is ~ 2.5 nm over the 5×5 m2 scan area, consistent with the result of XRR 
modeling. The maximum height variation in the AFM image is far smaller than the Mn3Ge 
layer thickness, indicating that, at length scales larger than the lateral resolution (10 nm) of 
AFM, the film is continuous.  
The cross-sectional HRTEM micrograph of a Mn3Ge film is displayed in Fig. 2b. The 
(002) planes of Ru and Mn3Ge are clearly visible and are parallel to the sapphire/Ru interface. 
The measured interplanar spacings are 0.210 nm and 0.213 nm for Ru and Mn3Ge, respectively. 
There is no discontinuity in the film at the 10 nm scale. Also visible in the image are Moiré 
fringes, as shown in areas outlined by red traces. Moiré fringes in TEM images are interference 
patterns resulting from two overlapping crystallites that have different lattice constants or 
orientations; the latter case gives fringes that are nearly perpendicular to the atomic planes. 
From the periodicity and orientation of the Moiré fringes in Fig. 2b, we deduce they are the 
result of crystal grains that are misoriented by ~ 17.5° from the film normal. The extent of the 
Moiré fringes indicates the misoriented crystallites are about 5-10 nm in size. The presence of 
these misoriented crystallites is consistent with the background in the Mn3Ge (0002) rocking 
curve and the broadened bases of the Mn3Ge {112̅2} -scan peaks. As will be seen later, the 
defects and grain boundaries also have implications for the reversal of antiferromagnetic 
domains in the Mn3Ge films.  
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2. Magnetic properties 
 Although the hexagonal D019 Mn3Ge has a triangular antiferromagnetic structure, it 
possesses a weak in-plane ferromagnetic moment arising from spin canting toward the local 
easy axis [23]. In bulk Mn3Ge single crystals, the ferromagnetic moment amounts to 6 - 8 
mB/Mn at temperatures between 5 and 300 K, and it is noted that this in-plane moment is 
essential for controlling chirality of the spin structure via an applied magnetic field [6, 16]. 
Shown in Fig. 3(a) is the field dependence of the ferromagnetic component of the in-plane 
magnetization of a 100 nm Mn3Ge film measured at various temperatures. The ferromagnetic 
component of the magnetic moment was obtained by subtracting a linear background from the 
raw magnetometry data (See Supplemental Material [20] for details). This ferromagnetic 
magnetization increases with decreasing temperature. At 300K and H = 2 T, the ferromagnetic 
moment per Mn atom in the Mn3Ge films is ~ 3.50.4 mμB, which is close to that of the bulk. 
The coercive field for switching the ferromagnetic moment is ~ 60 mT at 300 K, decreases 
slightly to 50 mT at 100K, before increasing to 110 mT at 10 K. In Fig. 3 (b), we present the 
hysteresis loop of a Mn3Ge(100nm)/Py(10nm) bilayer structure measured at 10 K after cooling 
from room temperature in a 1-T in-plane magnetic field. The loop is shifted in the negative 
field direction by ~7.5 mT. Given that the triangular spin structure is not expected to have in-
plane magnetic anisotropy, and that the coercivity of the bilayer (HC = 25.5 mT) is significantly 
larger than that of a single Py layer (typically less than 1 mT), the occurrence of exchange bias 
indicates that the antiferromagnetic domains in the Mn3Ge layer are pinned, possibly by defects 
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and grain boundaries. 
 
3. Anomalous Nernst effect 
As a counterpart of the anomalous Hall effect (AHE) where contributions from Weyl 
nodes well above the Fermi energy (EF) can be very small, ANE depends on the Berry curvature 
near EF, involving states both above and below EF over an extent of energy determined by the 
broadening of the Fermi function [24]. In Mn3Ge, transport anomalies can be captured only 
when the external magnetic field is applied in the Kagome plane [6, 12]. The c-axis oriented 
Mn3Ge films are thus well-suited for integration into a thermoelectric device that employs out-
of-plane thermal transport to probe the Berry curvature-driven ANE.  
For the measurement geometry shown in Fig. 4(a) where the temperature gradient T 
is out-of-plane in the z-direction (along Mn3Ge [0001]) and the applied magnetic field is in-
plane in the y-direction (along the device width and Mn3Ge [01̅1̅0]), the ANE signal (Sxz) is 
given by:  
Sxz = E/T = [(Mn3Ge/tMn3Ge+Ru/tRu)(tRu/Ru)](VNernst/L)(1/T),    (1) 
where E is the electric field created by ANE in the x-direction (along the device length and 
Mn3Ge [21̅1̅0]), VNernst is measured anomalous Nernst voltage, and L is the device length. The 
term in square brackets is the correction factor which accounts for the shunting effect of the 
Ru underlayer, where tRu and tMn3Ge are the layer thicknesses, and Ru and Mn3Ge are the 
resistivity of the respective layers. Using tRu =10 nm, tMn3Ge = 100 nm, Ru = 9 μΩ∙cm, and 
Mn3Ge = 200 μΩ∙cm [25], we find the correction factor to be 3.22. T is given by Fourier’s 
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law, q=-kT, where q is the thermal flux density, and k is the thermal conductivity. Form the 
resistance of the heater at 300 K, we estimate that the ac current applied to the heater generated 
a peak q of 20.00.6 mW/mm2. Using kMn3Ge = 6.8 Wm-1K-1 and kFe = 83.5 Wm-1K-1 [26, 27], 
we obtain T in the Ru/Mn3Ge and Fe devices as 2.940.10 K/mm and 0.240.01 K/mm, 
respectively. The noise level in our VNernst measurement setup is 4 nV/√𝐻𝑧. Taking into account 
the uncertainties in the layer thicknesses and the device dimensions, we place the uncertainty 
in the calculated Sxz at about 10%. 
Fig. 4(b) presents the field dependence of Sxz of a Ru(10nm)/ Mn3Ge(100nm) device at 
300 K. Sxz reverses sign when the magnetic field is swept between ±9 T and the reversal is 
hysteretic. Although Sxz starts decreasing as soon as the field polarity is reversed, the sign 
reversal proceeds very slowly and does not complete until the applied field reaches ~ 7 T, 
giving a coercivity of ~ 2 T. This is significantly greater than the coercivity of 2 mT to 30 mT 
for switching AHE in single crystals of Mn3Ge [6, 16]. The difference is possibly due to the 
defects and grain boundaries in the Mn3Ge thin films. Although the chiral antiferromagnetic 
domain in Mn3Ge can nucleate reversal easily, the antiferromagnetic domain walls in thin films 
could become pinned, and increasingly larger fields might then be needed to free the domain 
walls from pinning sites of various strengths. At 300 K, the saturation Sxz = 0.10 μV / K in our 
Mn3Ge epitaxial thin films is similar to the 0.35 μV / K value observed in single-crystal Mn3Sn 
[3]. Also shown in Fig. 4(b) is the Sxz curve for the Fe reference device. The measured saturation 
Sxz = 0.40 μV / K for Fe is in good agreement with that reported in the literature [28]. In 
ferromagnets, ANE is generally proportional to the magnetization. It is remarkable that ANE 
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in antiferromagnetic Mn3Ge is comparable to that of the strong ferromagnet Fe, even though 
Mn3Ge has a ferromagnetic component of the magnetization that is three orders of magnitude 
lower. 
4. Inverse spin Hall effect 
Owing to the large spin-Hall conductivity that has been theoretically predicted for 
Mn3Ge [13], a strong spin-to-charge conversion may be expected when a spin current is 
injected into Mn3Ge. We employed ferromagnetic resonance-spin pumping (FMR-SP) to 
measure ISHE in our Mn3Ge films. Fig. 5(a) displays the measured voltage (Vsp) from a 
Ru(10nm)/Mn3Ge (100 nm)/ Py(10 nm) device at room temperature as a function of the applied 
field, along with the responses from the Pt/Py and Py reference devices measured under 
identical conditions.  
The measured Vsp is composed of a symmetric Lorentzian component ( 𝑉𝐼𝑆𝐻𝐸 =
𝑣𝐼𝑆𝐻𝐸[∆𝐻
2/(∆𝐻2 + (𝐻 − 𝐻𝐹𝑀𝑅)
2)]) due to the spin pumping-induced ISHE, and an antisymmetric 
Lorentzian component (𝑉𝐴𝐻𝐸 = 𝑣𝐴𝐻𝐸[∆𝐻(𝐻 − 𝐻𝐹𝑀𝑅)
 /(∆𝐻2 + (𝐻 − 𝐻𝐹𝑀𝑅)
2)]) due to the rectified 
AHE voltage arising from the capacitive coupling-induced rf current and the magnetization 
precession in Py, along with a constant offset [29, 30].  The solid lines in Fig. 5(a) are the best-
fit curves of the measured Vsp for all three devices. The fitting routine allows us to extract the 
amplitudes of the ISHE and AHE contributions (𝑣𝐼𝑆𝐻𝐸 and 𝑣𝐴𝐻𝐸), along with the resonance field 
(HFMR ) and the linewidth (∆𝐻) at all input rf frequencies. 𝑣𝐼𝑆𝐻𝐸 is linearly proportional to the 
power of the applied rf excitation, indicating that the induced magnetization precession remains 
in the small-angle regime and that sample heating is negligible (See Supplemental Material 
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[20] for detailed discussion). Fig. 5(b) shows the ISHE charge current (𝑉𝐼𝑆𝐻𝐸/𝑅) for all three 
devices, where R is the total device resistance measured across the contact pads using the four-
probe method, 𝑅𝑃𝑦 = 13 Ω, 𝑅𝑃𝑡 𝑃𝑦⁄ = 5.1 Ω, 𝑅𝑅𝑢 𝑀𝑛3𝐺𝑒 𝑃𝑦⁄⁄ = 3.2 Ω . 𝑉𝐼𝑆𝐻𝐸/𝑅  of the Py 
single-layer device is negligible because, as expected, there is no ISHE. (The fact that Vsp in 
the Py single-layer device is antisymmetric further rules out the presence of any Nernst-like 
signal due to heating effects in our measurements.) On the other hand, the peak 𝑉𝐼𝑆𝐻𝐸/𝑅 value 
of the Mn3Ge/Py device is significantly larger than that of the Pt/Py device. In view of the large 
variations in the numerical values of parameters related to spin transport and spin-to-charge 
conversion in the literature [32], we do not attempt to quantify the spin-Hall angle for our 
epitaxial Mn3Ge thin films. Instead, a direct comparison between Mn3Ge and Pt would be more 
intuitive.  
By fitting the field dependence of the FMR frequency (fres) using the Kittel formula, we 
have determined for the Py layers in our devices the gyromagnetic ratio 𝛾 = 1.82 × 1011 𝑇−1𝑠−1, 
and the saturation magnetization 𝜇0𝑀𝑆 = 0.84 𝑇
 . These values are comparable to the ones 
reported in the literature [29-31]. In the inset of Fig. 5(b), the FMR linewidth (∆𝐻), obtained 
from curve-fitting the Vsp data, is plotted against fres. Fitting the data points with the linear 
relation ∆𝐻 = (2𝜋𝛼𝑒𝑓𝑓/𝛾)𝑓𝑟𝑒𝑠 + ∆𝐻0 for all devices yields the Gilbert damping parameter 𝛼𝑒𝑓𝑓 
for the Py, Pt/Py and Ru/Mn3Ge/Py devices as 0.0090 ± 0.0004, 0.0150 ± 0.0008 and 0.0300 ± 
0.0018, respectively. The enhanced damping in the Pt/Py and Ru/Mn3Ge/Py devices is the 
result of spin pumping and is related to the spin mixing conductance 𝑔𝑟
↑↓ via 
𝛼𝑒𝑓𝑓
𝑠𝑝𝑖𝑛−𝑝𝑢𝑚𝑝𝑖𝑛𝑔 − 𝛼𝑒𝑓𝑓
𝑃𝑦 = (
𝛾ℏ
4𝜋𝑀𝑆𝑡𝑃𝑦
)𝑔𝑟
↑↓.           (2) 
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Using the fitted values for 𝛼𝑒𝑓𝑓 , 𝑀𝑆  and 𝛾 , we obtain 𝑔𝑟
↑↓= 25.5 ± 1.7 nm-2 for the Pt/Py 
interface, and  𝑔𝑟
↑↓=90.5 ± 4.9 nm-2 for Mn3Ge/Py interface. 
In a spin-pumping device, the ISHE voltage (𝑣𝐼𝑆𝐻𝐸) depends on the material and device 
parameters via  
𝑣𝐼𝑆𝐻𝐸 = (
−𝑒𝜃𝑆𝐻
𝜎𝑁𝑀𝑡𝑁𝑀+𝜎𝐹𝑀𝑡𝐹𝑀
) 𝜆 tanh (
𝑡𝑁𝑀
2𝜆
) 𝑔𝑟
↑↓𝑓𝐿𝑃 (
𝛾ℎ𝑟𝑓
2𝛼𝑒𝑓𝑓𝜔
)
2
 ,      (3)  
where e is the electron charge, 𝜃𝑆𝐻 is the spin Hall angle, 𝜎𝑁𝑀 (𝜎𝐹𝑀 ) is the conductivity of NM 
(FM), 𝑡𝑁𝑀 (𝑡𝐹𝑀) is the thickness of NM (FM), 𝜆 is the spin diffusion length, L is the sample 
length) [33]. The rf magnetic field ℎ𝑟𝑓 and the ellipticity of magnetization precession P are 
unknown in our measurements. However, since our devices are identically fabricated, they are 
expected to have very similar impedance. Thus the ℎ𝑟𝑓 and P terms cancel out when we take 
the ratio of 𝑣𝐼𝑆𝐻𝐸 of devices measured under the same input rf power and frequency. The ratio 
of spin-Hall angles in Mn3Ge and Pt is then give by  
 
𝜃𝑆𝐻
𝑀𝑛3𝐺𝑒
𝜃𝑆𝐻
𝑃𝑡 =
(𝜈𝐼𝑆𝐻𝐸 𝑅⁄ )𝑀𝑛3𝐺𝑒
(𝜈𝐼𝑆𝐻𝐸 𝑅⁄ )𝑃𝑡
∗
𝜆𝑃𝑡
 
𝜆𝑀𝑛3𝐺𝑒
 ∗
tanh(
𝑡𝑃𝑡
2𝜆𝑃𝑡
)
tanh(
𝑡𝑀𝑛3𝐺𝑒
2𝜆𝑀𝑛3𝐺𝑒
)
∗
(𝑔𝑟
↑↓)
𝑃𝑡
(𝑔𝑟
↑↓)
𝑀𝑛3𝐺𝑒
∗ (
𝛼𝑒𝑓𝑓
𝑀𝑛3𝐺𝑒
𝛼𝑒𝑓𝑓
𝑃𝑡
)
2
 .   (4) 
Using  𝜆𝑃𝑡 ≈ 3 nm [31], and 𝜆𝑀𝑛3𝐺𝑒 ≈ 1 nm [34], we estimate 𝜃𝑆𝐻
𝑀𝑛3𝐺𝑒/𝜃𝑆𝐻
𝑃𝑡  to be 8 ± 2. The higher 
spin-mixing conductivity at the Mn3Ge/Py interface and the larger spin-Hall angle in Mn3Ge 
are consistent with the theoretical prediction of a large spin-Hall conductivity in Mn3Ge [13]. 
IV. CONCLUSIONS 
In summary, we have synthesized continuous epitaxial thin films of the Kagome 
semimetal Mn3Ge by magnetron sputtering. Large anomalous Nernst and inverse spin-Hall 
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effects have been observed in thermoelectric and spin pumping devices from these films. 
Synthesis of crystallographically well-defined Mn3Ge thin films is an important step toward 
pursuing antiferromagnetic spintronics as well as elucidating the fundamental physics of 
topological materials. 
Note added: During the preparation of this manuscript, growth of continuous and 
epitaxial Mn3Sn film has been reported [35]. 
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Fig. 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) X-ray diffraction pattern of a sputter-grown sapphire/Ru(10nm)/Mn3Ge(100nm) 
film. Ru satellite peaks are labeled as s followed by their order. Inset: rocking curve of Mn3Ge 
(0002) at 2θ = 41.91° (The blue solid curve is a fit and the green dotted curve is the Mn3Ge 
contribution). (b) X-ray reflectivity curve of the same film. The red and blue curves are the 
measured data and simulation, respectively. Inset: a zoomed-in view showing details of the 
long-period oscillations due to the Ru layer and the short-period oscillations due to the Mn3Ge 
layer. (c) Phi scans around partially in-plane peaks (as labeled) of Mn3Ge, Ru and sapphire. (d) 
Stacking configuration among Mn3Ge, Ru and sapphire according to the phi scans. The vertical 
red dashed lines illustrate atomic registry. For simplicity, oxygen termination in the sapphire 
substrate is chosen. 
 
 
(a) (b) 
(c) (d) 
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Fig. 2 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) AFM image of a sapphire/Ru(10nm)/Mn3Ge(100nm) film showing an RMS 
roughness of ~ 2.5 nm over the 5 x 5 m2 area. (b) Cross-sectional HRTEM image viewed 
along the sapphire [101̅0] axis. Areas with Moiré fringes are outlined in red.  
 
 
 
 
 
 
 
 
 
  
(a) (b) 
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Fig. 3 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) The ferromagnetic component of the in-plane magnetization in a 100 nm Mn3Ge 
film measured at various temperatures. (b) The hysteresis loop of a Mn3Ge(100 nm)/Py(10 nm) 
exchange-bias structure measured at 10 K, after field-cooling in 1 T from 300 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
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Fig. 4 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Schematic of the Nernst effect device. (b) Field dependence of the ANE signal Sxz 
of Mn3Ge and Fe measured at 300 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
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Fig. 5 
 
 
 
 
 
 
 
 
Fig. 5. (a) FMR-spin pumping voltage Vsp plotted as a function of the applied field in Py, Pt/Py, 
Ru/Mn3Ge/Py devices measured at 13 GHz and 18 dBm at room temperature. The solid lines 
are fits to the measured data. Inset: Optical image of a spin-pumping device. (b) The ISHE 
current VISHE/R in the devices extracted from curve fitting. Inset: FMR linewidth (ΔH) plotted 
as a function of the resonance frequency. The dashed lines are linear fits. 
 
 
 
 
 
 
 
 
 
(b) (a) 
